Kinematics as objective tools to evaluate lameness phases in multiparous sows by Mohling, Caroline M. et al.
Animal Science Publications Animal Science
7-2014
Kinematics as objective tools to evaluate lameness




Iowa State University, johnsona@iastate.edu
Johann F. Coetzee
Iowa State University, hcoetzee@iastate.edu
Locke A. Karriker
Iowa State University, karriker@iastate.edu
Caitlyn Abell
Iowa State University
See next page for additional authorsFollow this and additional works at: http://lib.dr.iastate.edu/ans_pubs
Part of the Agriculture Commons, Animal Sciences Commons, and the Large or Food Animal
and Equine Medicine Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
ans_pubs/112. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Animal Science at Digital Repository @ Iowa State University. It has been accepted for
inclusion in Animal Science Publications by an authorized administrator of Digital Repository @ Iowa State University. For more information, please
contact digirep@iastate.edu.
Authors
Caroline M. Mohling, Anna Johnson, Johann F. Coetzee, Locke A. Karriker, Caitlyn Abell, Suzanne T.
Millman, and Kenneth J. Stalder
This article is available at Digital Repository @ Iowa State University: http://lib.dr.iastate.edu/ans_pubs/112
1 
Kinematics as objective tools to evaluate lameness phases in multiparous sows 1 
2 
C. M. Mohling,a A. K. Johnson,a,1 J. H. Coetzee,b L. A. Karriker,c C. E. Abell,a S.T. Millman,d,e3 
K. J. Stalder, a4 
5 
aDepartment of Animal Science, Iowa State University, Ames, IA 50011; 6 
bPharmacology Analytical Support Team (PhAST), Department of Veterinary Diagnostic and 7 
Production Animal Medicine, Iowa State University, 1600 South 16th St., Ames, IA 50011; 8 
cSwine Medicine Education Center, Department of Veterinary Diagnostic and Production 9 
Animal Medicine, Iowa State University, 1600 South 16th St., Ames, IA 50011; 10 
dDepartment of Veterinary Diagnostic and Production Animal Medicine, Iowa State University, 11 
1600 South 16th St., Ames, IA 50011; 12 
eDepartment of Biomedical Sciences, Iowa State University, 1600 South 16th St., Ames, IA 13 
50011 14 
15 
1Correspondence address: 2356-F Kildee Hall, ISU, Ames, IA, 50021; E-mail: 16 
johnsona@iastate.edu Phone: +001-515-294-2098 Fax: +001-515-294-4471 17 
18 




Lameness has been ranked as the third most common reason for culling sows, comprising 15% 20 
of the culls marketed in the U.S. Producers assess sow lameness using subjective evaluation, 21 
which have been shown to be variable in their application. Objective empirical tools to measure 22 
sow lameness on farm are required. Therefore, the purpose of this study were to evaluate the 23 
embedded force plate and the GAITFour gait analysis walkway system as objective assessment 24 
tools to discriminate between sound and lame phases in multiparous sows. Twenty-four mixed 25 
parity crossbred sows were anesthetized and injected with Amphotericin B in the distal 26 
interphalangeal joint of both claws of one hind hoof to induce transient lameness. Kinematic data 27 
was collected on D-1, D+1 and D+6 relative to induction (D0). For the embedded force plate, 28 
weight distributions on each hoof were collected. Gait analysis measures collected were stride 29 
time (defined as the time (sec) between 2 successive footfalls by the same hoof), stride length 30 
(defined as the distance (cm) between 2 sequential footfalls from the same hoof), maximum 31 
pressure (defined as the greatest amount of weight (kg/cm2) placed on a single hoof) and stance 32 
time (defined as the duration of time (sec) the sensors were activated by a hoof in a single stride). 33 
For the embedded microcomputer-based force plate system weight placed on the induced hoof 34 
decreased on D+1 when compared to D-1 (P < 0.0001). For the GAITFour® pressure mat gait 35 
analysis walkway system, stride time increased on D+1 for all hooves, stride length decreased on 36 
D+1 compared to D-1 and maximum pressure placed on the induced hoof decreased on D+1 37 
compared to baseline levels (P < 0.05). Stance time increased for all sound hooves on D+1 38 
compared to D-1 (P < 0.05). In conclusion, the embedded force plate and GAITFour walkway 39 
system all demonstrated differences for mature sows during sound and most lame phases 40 
indicating promise as objective tools for use on farm.  41 
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 43 
INTRODUCTION 44 
Lameness has been defined by Merriam-Webster (2012) as “having a body part and 45 
especially a limb so disabled as to impair freedom of movement.” Locomotor disorders can be 46 
associated with neurological disorders, hoof or limb lesions, mechanical-structural problems, 47 
traumas, or metabolic and infectious diseases (Smith, 1988; Wells, 1984). The United States 48 
Department of Agriculture (USDA; 2007) reported that lameness was the third most common 49 
reason for culling gilts and sows from the breeding herd (15.2%), following old age (36.6%) and 50 
reproductive failure (26.3%). With approximately 15% of pigs being removed from the breeding 51 
herd, this in turn  affects the economical return to the industry (Stalder et al., 2004), worker 52 
morale (Deen and Xue, 1999) and the individual pigs well-being (Anil et al., 2009). Different 53 
methodologies have been employed to quantify lameness. Numerical rating- and visual analog 54 
scoring systems have been reported to be highly subjective with varying degrees of inter- and 55 
intra- observer correlation (Main et al., 2000; O’Callaghan et al., 2003; D’Eath, 2012). In a study 56 
by Main et al. (2000), 600 finishing pigs were scored on a 6-point numerical scale based on 57 
severity of lameness; a score of 0 represented no observed abnormalities whereas a score of 5 58 
characterized a severely lame pig. Two observers who were familiar with the scoring system had 59 
a 94% lameness score agreement. Nineteen of these previously scored pigs were then scored by 7 60 
unfamiliar observers. The proportion of scores identical between unfamiliar and familiar 61 
observers ranged from 26 to 53% indicating the score test was relatively unreliable when used by 62 
observers unfamiliar with the tool. Similarly, D’Eath (2012) found that inter-observer reliability 63 
improved with more experience; however the farm manager consistently scored fewer animals as 64 
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lame than the other observers. If the farm personnel become less sensitive to lameness, it may go 65 
undetected. Espejo et al. (2006) also found prevalence of locomotion scores collected on 5,626 66 
dairy cows were 3.1 times lower on average when estimated by the herd managers on each farm 67 
relative to other observers.  68 
In comparison, biomechanic analysis tools could be used to objectively quantify 69 
differences in weight distribution and gait characteristics when determining animals’ lameness 70 
status (Maertens et al., 2011; Pluym et al. 2013) Currently on U.S. swine farms the majority of 71 
gilts and sows are still housed in stalls limiting their movement. Sun et al. (2011); and Pluym et 72 
al. (2013) designed a force plate system that could be fitted in a standard stall to record weight 73 
distributions. Pastell et al. (2008) developed a system used for automatic detection of leg 74 
problems while cows stood in milking robots. The authors concluded that monitoring changes in 75 
weight distribution continuously could detect leg problems, including lameness, and that cows 76 
with injured legs put less weight on the affected limb. A limitation on testing the tool sensitivity 77 
and accuracy for lameness is based on understanding your animal population. Karriker et al. 78 
(2013) created an amphotericin B-model to induce transient lameness in sows so that known 79 
sound and lame populations of sows were being applied to the tools. Karriker et al. (2013) tested 80 
the micro-embedded force plate system and the GaitRite to validate their induction model and 81 
reported promising preliminary weight changes over sound and lame states.  82 
Retailers have begun requiring that pork purchased come from systems that do not use the 83 
gestation stall (Johnson 2008). Therefore, systems that could capture weight distribution and gait 84 
when sows are in motion are important to investigate (Anil et al., 2009). Gait analysis systems 85 
have been used to assess chickens (Corr et al., 2003), dogs (Evans et al., 2005) and dairy cattle 86 
(Flower et al., 2005; Kotschwar et al., 2009; Maertens et al., 2011). More recently, Karriker et al. 87 
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(2013) used a GAITFour® system to collect preliminary data on the amphotericin B model of 88 
induced lameness. Again, this tool indicated promise in discriminating between sound and lame 89 
states in sows. Therefore, the purpose of this study were to evaluate the embedded force plate 90 
and the GAITFour gait analysis walkway system as objective assessment tools to discriminate 91 
between sound and lame phases in multiparous sows 92 
 93 
MATERIALS AND METHODS 94 
The project was approved by the Iowa State University Institutional Animal Care and 95 
Use Committee. The experiments were conducted over two trials, trial one occurred from July to 96 
August, 2011 and trial two from October to November, 2011. The investigators established 97 
humane endpoint criteria such that any sow that progressed to non-weight bearing lameness by 98 
12 h and did not approach water by 12 h or feed by 48 h were removed from the study and 99 
humanely euthanized.  One sow was removed in trial 2 during the second round prior to 100 
lameness induction because she was unable to stand for complete data collection of the force 101 
plate but was not euthanized. 102 
 103 
Animals and housing 104 
A total of 24 (220.15 ± 21.23 kg) open, clinically sound, mixed-parity, crossbred sows 105 
were purchased from a producer in Iowa. To avoid confounding injury due to aggression, each 106 
sow was housed individually in concrete pens providing 5.1 m2 and a 0.6 m deep concrete ledge 107 
along the rear wall of the pen where sows were fed. The floor was solid concrete and a rubber 108 
mat (2.4 m length x 2 cm height x 1.4 m width) was provided for comfort. Pens were set up in 109 
two rows with a central aisle and allowed for nose to nose contact between sows. 110 
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Sows had ad libitum access to water via one nipple water drinker (Trojan Specialty 111 
Products Model 65, Dodge City, KS) that was positioned over a grate. Sows were hand-fed in 112 
their home pens, receiving 2.3 kg of feed in the morning and 0.46 kg in the afternoon. On each 113 
data collection day, the morning ration was given in the test stall housing the embedded force 114 
plate to facilitate standing behavior and any remaining ration was given in the home pen. Feed 115 
was composed of ground corn, soybeans, and nutrients formulated according to Swine NRC 116 
guidelines with no antimicrobials. A total of 6.8 ml (15 mg) of Matrix (Intervet/Schering-Plough, 117 
Milsboro, DE) was added to the morning ration daily to prevent estrus cycle initiation. Facilities 118 
and sows were inspected by caretakers at 07:30 and 15:30 daily. 119 
 120 
Induction of lameness 121 
 Feed and water was withheld 18 h and 1 h respectively prior to anesthesia to reduce 122 
vomiting and aspiration risk. All sows were restrained in a standing position using a pig snare 123 
and then anesthetized using Xylazine (4.4 mg/kg; Anased®, Lloyd Laboratories, Shenandoah, IA, 124 
USA), Ketamine HCl (2.2 mg/kg; Ketaset®, Fort Dodge Animal Health, Wyeth, Madison, NJ, 125 
USA), and Tiletamine HCl (4.4 mg/kg; Telazol®, Fort Dodge Animal Health, Wyeth, Madison, 126 
NJ, USA) administered intramuscularly. Dosages were based on recommendations by St-Jean 127 
and Anderson (2006). Palpebral reflex was tested to confirm insensibility following anesthesia 128 
administration. After insensibility was established, the claws on the assigned hoof were washed 129 
with water to remove obvious fecal contamination, washed for 3 min with iodine based surgical 130 
scrub (Operand®, Aplicare Inc., Branford, CT, USA) using 10 x 10 cm sterile gauze pad, and 131 
rinsed with 70% isopropyl alcohol until no evidence of the surgical scrub remained. After 132 
cleaning, 10 mg amphotericin B (X-gen Pharmaceuticals, Inc., Big Flats, NY, USA) were 133 
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injected into the distal inter-phalangeal joint (intra-articular space) of both claws in the assigned 134 
hoof (Karriker et al., 2013). Throughout anesthesia, respiratory rate (measured by number of 135 
chest elevations resulting from inspiratory effort over 15 s), and rectal temperature were 136 
monitored every 15 min until sows returned to a standing posture unaided.  137 
 138 
Experimental design 139 
Sows were acclimated to the facility, tools and handling for approximately 10 d prior to 140 
study commencement. Acclimation for the embedded microcomputer based force plate system 141 
was defined as moving individual sows from their home pen using a sort board as needed along 142 
the alleyway and onto the force plate system  daily. Each sow had her morning feed ration trickle 143 
fed into the feed trough. Each sow learnt to stand relatively still for 15-min. At the conclusion of 144 
this 15-min period, each sow voluntarily stepped out of the front of the stall and onto the walking 145 
track that held the GaitFour pressure analysis mat. Each sow was clicker trained using positive 146 
reinforcement techniques to exit the force plate and walk along the track at their own pace, 147 
unassisted by the human.  148 
All sows were included in the treatment and control data such that they were compared to 149 
themselves before and after induction. This experimental design provided robust control of intra- 150 
and inter-animal variations in behavioral responses and limited the number of animals required. 151 
Sows were randomly allocated to one hind hoof for first lameness induction. The experimental 152 
design was a 3(days) x 2(hoof) factorial arrangement and the sow was the experimental unit. 153 
Three days were compared, D-1 (Sound phase, defined as 1 d pre-induction), D+1 (Most lame 154 
phase, defined as 1 d post-induction) and D+6 (Resolution phase, defined as 6 d post-induction) 155 
and two hind hooves: left hind vs. right hind. The treatment days of D-1, D+1 and D+6 were 156 
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selected based on previous experience with the amphotericin B lameness induction model for 157 
(Karriker et al., 2013). Trial was defined as either trial 1 which included sows 1-12 or trial 2 158 
which included sows 13-24. Round was defined as the first or second lameness induction within 159 
trial. After completion of the first round, sows were given a 7-d rest period and then the 160 
procedures were repeated with the opposite hind hoof induced (Figure 1) for the second round.  161 
 162 
Embedded microcomputer-based force plate system  163 
The embedded microcomputer-based force plate system was positioned under a standard 164 
gestation stall. A metal feeder was located at the front in which trickle feeding was performed to 165 
facilitate a standing posture (Sun et al., 2011; Figure 2). The embedded microcomputer-based 166 
force plate system measured 1.5 m x 0.57 m x 0.11 m (length x width x height) and had 4 load 167 
cells, one for each hoof. Each load cell had 6.4-mm thick aluminum plating and measured 0.76 m 168 
x 0.28 m (length x width). A bar was positioned centrally along the length of the force plate 169 
measuring 153.7 cm x 2.2 cm (length x width) and was 10.2 cm above the aluminum plating. 170 
This was used to separate the left and right load cells for the front and hind hooves. This 171 
modification was designed to limit the ability of the sow to place more than one hoof on an 172 
individual load cell. Each plate that the load cell was attached to was coated with non-slip epoxy. 173 
The embedded force plate system was calibrated prior to the initiation of the study using 68 kg 174 
weights and during the study was accurate to 0.45 kg. Weight distribution (kg) for each of the 4 175 






GAITFour ® pressure mat gait analysis walkway system 180 
Gait was assessed using a GAITFour gait analysis walkway system and associated 181 
hardware/software. A sow walked in a continuous closed loop track that measured 45.4 m x 1 m 182 
(length x width) covered with clean gray carpeting. In one straight section of the track, a pressure 183 
mat measuring 4.3 m x 0.91 m (length x width) with a 0.76 m (width) active space was located 184 
under the protective carpet. The pressure mat included 13,824 sensors. Sows were walked across 185 
the pressure mat to acclimate to the desired speed and pattern of movement needed for footfall 186 
analysis. Gait analysis measures collected were stride time (defined as the time (sec) between 2 187 
successive footfalls by the same hoof), stride length (defined as the distance (cm) between 2 188 
sequential footfalls from the same hoof), maximum pressure (defined as the greatest amount of 189 
weight (kg/cm2) placed on a single hoof) and stance time (defined as the duration of time (sec) 190 
the sensors were activated by a hoof in a single stride). Each sow was required to complete three 191 
quality readings (walks) each data collection day. A reading was considered acceptable if the 192 
sow did not hesitate, stop, or run across the walkway and if at least two complete footfall cycles 193 
(all four hooves) registered in the software. The quality footfall data was saved to the GAITFour 194 
software program. Walks were assessed by 2 trained observers for validation of the above 195 
parameters and to assign each hoof to the footfall pattern.   196 
 197 
Statistical analysis 198 
All data were evaluated for normal distribution before analysis by using the PROC 199 
UNIVARIATE procedure of SAS 9.3 (SAS Inst. Inc., Cary, NC). Both the embedded force plate 200 
data and the GAITFour data were found to be normally distributed. The MIXED procedure in 201 
SAS was used to analyze the differences in weight distribution and gait characteristics over the 202 
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three days for the 4 hooves. A P value of < 0.05 was considered significant and PDIFF was used 203 
to determine differences. 204 
The embedded force plate model included hoof induced (right or left hind hoof), day, leg 205 
(defined as the hoof that the measurement was taken on; left front [LF], right front [RF], left hind 206 
[LH], right hind [RH]), the leg by day interaction, trial and round. Sow within trial*day and sow 207 
within a trial*round were fitted as random effects.   208 
The GAITFour analysis model included day, round, trial, leg (defined as the hoof the gait 209 
measurement was taken on; left front [LF], right front [RF], left hind [LH], right hind [RH]), 210 
hoof induced, the leg by day interaction and walk (defined as the first, second or third quality 211 
reading across the pressure mat). Sow within trial*day and sow within trial*round were fitted as 212 
random effects, walk within day was fitted as a repeated effect.  213 
The traits measured from the embedded force plate was kg of weight on each hoof and 214 
from the GAITFour were stride time, stride length, maximum pressure and stance time. Three 215 
separate MIXED models were used to evaluate these traits in different manners. One model 216 
compared the distributions between the 4 hooves when the RH hoof was induced lame, while the 217 
other model assessed differences between the 4 hooves when LH hoof was induced lame. 218 
However hoof induced was removed from both models to assess differences between hooves 219 
when either left or right hind hoof was induced lame. A third model was used to compare all 4 220 
hooves regardless of hind hoof induced and included the fixed effects of round, trial and hoof 221 
induced.  222 
Both the embedded force plate and the GAITFour measure of maximum pressure did not 223 
detect lameness resolution for the induced hoof by D+6. Hence, we compared D-1 for round 1 to 224 
the D-1 for round 2 for each of the tools. This was done for both RH and LH hooves when RH or 225 
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LH lame. Two separate algorithms were used to distinguish between a RH and a LH induction. 226 
These algorithms were used to confirm that the sound hoof remained sound and the lame hoof 227 
became sound during the rest period. For both the GAITFour maximum pressure and embedded 228 
force plate, the interaction of leg by day was used to determine differences among hooves 229 
between the round 1 and round 2 D-1 data collection days.  230 
 231 
RESULTS 232 
Embedded microcomputer-based force plate system 233 
For the embedded force plate system, no differences were observed between left- and 234 
right-hind hoof inductions (P = 0.93; Table 1) or between first and second rounds of induction (P 235 
= 0.52; Table 2). There were differences (P = 0.005; Table 3) when comparing sows enrolled in 236 
the first-and second trial.  237 
When comparing weight distributions over the 3 days, weight placed on the induced hind 238 
hoof decreased on D+1 compared to D-1 (P < 0.0001; Table 4). Weight placed on the sound hind 239 
hoof increased on D+1 compared to D-1 (P< 0.0005; Table 4). On D+6, sows were starting to 240 
show resolution (Table 4).  241 
Since sows did not return to D-1 levels on D+6, the D-1 data from round 1 and round 2 242 
were compared for induced and sound hooves separately. No differences in weight bearing were 243 
observed between round 1 and round 2 D-1 data collection days for the lame or sound hind hoof 244 
(P > 0.46; Figures 3 and 4) indicating that the embedded force plate detected lameness resolution 245 
prior to the second round induction.  246 
 247 
GAITFour pressure mat gait analysis walkway system 248 
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For the GAITFour gait analysis walkway system, there were no differences between left 249 
or right-hind hoof inductions for stride length (P = 0.71) or maximum pressure (P = 0.73; Table 250 
1). There was an increase in stride time (P = 0.01) when the right hind was induced lame, and an 251 
increase in stance time (P = 0.01) when the left hind hoof was induced lame (Table 1). No 252 
differences were observed between rounds of induction for stride length, maximum pressure and 253 
stance time measures (P > 0.07; Table 2). Stride time decreased during round two (P = 0.04; 254 
Table 2) when compared to round 1. No differences were observed between the first and second 255 
trial of sows for stride time, stride length, and stance time (P > 0.14). However, trial 2 sows 256 
displayed less maximum pressure placed on a hoof compared to trial 1 sows (P = 0.0006; Table 257 
3). 258 
When comparing gait characteristics over the 3 days, stride time increased on D+1 259 
compared to D-1 (P < 0.05) and returned to D-1 levels by D+6 (Table 5) for all hooves. Stride 260 
length decreased on D+1 compared to D-1 (P < 0.05) and returned to D-1 levels on D+6 for all 261 
hooves except RF when RH lame (Table 5). Maximum pressure placed on the induced hoof 262 
decreased on D+1 compared to D-1 (P < 0.05). When RH lame, maximum pressure on the 263 
induced hoof returned to D-1 levels by D+6, however when LH lame, maximum pressure did not 264 
return to D-1 levels by D+6 (Table 5). Stance time for the induced hooves did not change from 265 
D-1 to D+1 (P > 0.05; Table 5), however all other non-induced hooves increased stance time on 266 
D+1 compared to D-1 (P < 0.05).  267 
For the induced hoof, the measures of stride time, stride length and stance time all 268 
returned to D-1 levels by D+6 (Table 5). However, for maximum pressure, weight placed on the 269 
induced hoof did not return to D-1 levels by D+6 when LH was induced lame. Therefore D-1 270 
days from round 1 and 2 were compared. When LH lame, there was no difference between the 271 
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round 1 and 2 D-1 data collection days for the LH (38.97 ± 1.77 vs. 37.45 ± 1.78 kg; P = 0.55) or 272 
RH (37.56 ± 1.77 vs. 34.82 ± 1.78 kg; P = 0.28). Therefore, maximum pressure resolved prior to 273 
the start of the second round.  274 
When sound, the induced hoof tolerated between 30 and 60 kg (minimum and 275 
maximum); when lame the induced hoof ranged between 15 and 45 kg. For the GAITFour tool, 276 
maximum pressure on the induced hoof on the sound day ranged from 25 to 60 kgs, while when 277 
lame ranged from 10 to 50 kg. Stance time on the induced hoof on the sound day ranged from 278 
0.15 to 0.40 sec, while when lame ranged from 0.15 to 0.60 sec. For the measure of stride time, 279 
when sound, the induced hoof ranged between 0.30 and 0.60 sec; when lame the induced hoof 280 
ranged between 0.30 and1.0 sec. For the measure of stride length, when sound the induced hoof 281 
ranged between 70 to 120 cm; when lame the induced hoof stride length ranged between 50 and 282 
100 cm. 283 
 284 
DISCUSSION 285 
When assessing the embedded force plate, sows placed less weight placed on their lame 286 
hoof on D+1 compared to D-1, indicating that this tool was able to detect changes in weight 287 
distribution. These findings are in agreement to Corr et al. (2003) and Pluym et al. (2013) whom 288 
reported that an animal will place less weight on their lame hoof that is painful or structurally 289 
unsound. Karriker et al. (2013) validated the use of an amphotericin B induced lameness model 290 
in sows using the embedded force plate. Karriker et al. (2013) concluded that the model did 291 
create a transient lameness in sows but they did not validate the objectivity of the embedded 292 
force plate as a lameness detection tool. Future work with this concept could include evaluating 293 
sows with this lameness induction model as well as assessing sows with naturally-occurring 294 
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lameness on farm. For future work using this embedded force plate system consideration on 295 
determining the minimum amount of time needed to detect sound and lame states for gilt or sow 296 
would be encouraged. The current methodology of 15-mins could be impractical on farm. In 297 
addition, the tool should be tested using varying degrees of lameness, rather than a chemically 298 
induced synovitis to quantify its accuracy for detecting lameness. From these data sets an 299 
algorithm based on percentage of change could be created. These algorithms that are converted 300 
into practical decision trees would enable producers to identify and treat lame gilts and sows in 301 
“real time” prior to the onset of clinical signs. Previous work by Pluym et al. (2013) reported that 302 
the maximum value for mean absolute weight exerted on the right hind leg was significantly 303 
lower when sows were lame on the right hind leg while their variation in putting weight on the 304 
left hind leg was higher compared to sound sows. In agreement with Pluym et al. (2013) the 305 
range in this study decreased for the amount of weight allocated to the lame limb on the 306 
embedded force plate when assessing the sound and most lame phases.  307 
When using the GAITFour tool, differences were observed between left and right hind 308 
hoof inductions for stride- and stance time, and between first and second rounds of induction for 309 
stride time. In addition, maximum pressure differed between trials because sows in trial 1 were 310 
heavier than sows in trial 2. Although these differences were very small, future research could 311 
include creating algorithms for asymmetry between left and right sides, stride time, length and 312 
duration to identify lameness based on percentage of change before a sow is visually identified 313 
by noticeable deviations in her gait or decreased body condition score as needing attention, based 314 
on the farm protocol.  315 
In the present study, when using the GAITFour, sows had an increased stride time, 316 
decreased stride length, and a decreased maximum pressure on the lame hoof on D+1 compared 317 
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to D-1. These findings are in agreement to work conducted by Flower et al. (2005) who 318 
examined how hoof pathologies influenced kinematic gait measures in dairy cows. When 319 
compared to cows with sole ulcers, cows with no sole ulcers walked faster, had shorter stride 320 
duration and longer strides. The authors concluded that gait differences were most likely due to 321 
cows placing less weight on the affected hoof. Van Nuffell and Colleagues (2013)  322 
used a GAITWISE to investigate variation of gait variables for lameness in cattle by comparing 323 
variables between lame cows, cows that were scored mildly lame by a trained observer but not 324 
yet noticed lame by the farmer, and cows that were scored severely lame and were noticed lame 325 
by the farmer in two case-control studies. The outcome of the case-control study suggests that 326 
cows that were noticed by the farmer to be lame on the left hind leg walk with smaller steps at 327 
the left hind leg and have longer stance times on their right side compared to non- lame cows.  328 
Results for maximum pressure also agree with van Nuffell and colleagues (2013) and 329 
Karriker and others (2013) who observed decreased maximum pressure on the lame hoof. 330 
Karriker et al. did not observe changes in stride time or stride length before or after lameness 331 
induction. This may have been because ratios were used comparing all 4 hooves within a 332 
treatment day. The use of ratios suit the purpose of identifying the lame hoof out of the 4 hooves 333 
if variations in gait are assumed to only affect the hoof induced, however they cannot detect an 334 
overall change. The aim of Karriker et al. work was to validate a chemical induced lameness 335 
model rather than demonstrating how objective this tool is for lame and sound phases; hence the 336 
use of ratios to detect a single lame limb is beneficial. The authors noted that the amphotericin B 337 
model created a chronic state of lameness in sows that resolved over time. Further work could be 338 
done to compare the current induction model to sows receiving a saline injection to determine if 339 
there are any effects between these two models. The present study was able to compare days 340 
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within each hoof and was able to depict a uniform decrease in stride length and increase in stride 341 
time for all 4 hooves from sound to most lame phases.  342 
Observed results of the current study showed stance time for the lame hoof did not 343 
change over the 3 days. Results indicated all non-lame hooves increased stance time on D+1 344 
compared to D-1 identifying possible compensation for a slower stride. These results were 345 
unexpected as Karriker et al. (2013) observed that sows had a decreased stance time on the lame 346 
hoof compared to the sound hoof when validating their lameness model. Flower et al. (2005) 347 
found similar results to the current study showing cows used support from 3 legs during 42% of 348 
the gait cycle compared to 18% for normal cows. To assess changes in stance time, possible 349 
future research in sows should assess percentage of gait utilizing support by the non-lame 350 
hooves. 351 
The present experimental design included 3 days, D-1 (sound phase), D+1 (most lame 352 
phase) and D+6 (resolution phase). These time points were modeled after Karriker et al. (2013), 353 
although these authors evaluated on D-1, D+1, D+5 and D+7 for determining validation of their 354 
model and noted lameness resolution on D+7 respectively. Results for the GAITFour measure of 355 
maximum pressure and the embedded force plate indicated that sows were resolving lameness 356 
but had not returned back to sound phase levels on the induced hoof by D+6. However, all sows 357 
resolved lameness prior to beginning the second round. Therefore, future studies using this 358 
synovitis model, should consider more data collection time points over resolution (D+5 through 359 
to D+13) to recognize the resolution of lameness when using these kinematic tools.  360 
In conclusion, findings from our study indicate that the embedded force plate and the 361 
GAITFour walkway system for maximum pressure, stride length, and stride time have the 362 
17 
 
potential to discriminate acute sow lameness from sows that are sound. Both of these tools show 363 
promise for use on farm.  364 
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Table 1 LSMeans for right- and left-hind hoof (±SE) over all 3 data collection days when sows 
were induced lame for the embedded force plate and GAITFour gait analysis walkway system.  
 Hoof induced3  
Tools Right Left P-Value4 
Embedded force plate (kg)1 54.93 ± 1.06 54.79 ± 1.06 0.93 
GAITFour analysis2 
Stride time (sec) 0.49 ± 0.01 0.51 ± 0.01 0.01 
Stride length (cm) 88.34 ± 1.88 88.08 ± 1.88 0.71 
Maximum pressure (kg/cm2) 47.38 ± 1.06 47.25± 1.06 0.73 
Stance time (sec) 0.33 ± 0.01 0.34 ± 0.01 0.01 
1 The Embedded Microcomputer Force Plate System was developed at Iowa State University to 
objectively identify sows that possess varying lameness severities (Sun et al., 2011).  
2 GAITFour (CIR Systems, Inc., Havertown, PA) pressure mat measures footfall parameters 
using pressure activated sensors.  Maximum pressure is the largest amount of weight place on a 
single hoof. Stride length is the distance between 2 consecutive footfalls from the same hoof. 
Stance time is the time between 2 consecutive footfalls of the same hoof when the sensors are 
activated (pressure is applied to the mat). Stride time is the time between 2 consecutive footfalls 
of the same hoof. 
3 Hoof induced is either the right- or left-hind hoof made lame 
4
 P value of < 0.05 was considered significant. Values represent the average weight placed on a 
hoof when right or left hoof is induced. 
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Table 2 LSMeans for first or second round of lameness induction (±SE) over all 3 data 
collection days for sows on the embedded force plate and GAITFour gait analysis 
walkway system. 
 Round3  
Test 1 2 P-Value4 
Embedded force plate (kg)1 54.29 ± 1.04 55.25 ± 1.04 0.52 
GAITFour analysis2 
Stride time (sec) 0.51 ± 0.01 0.50 ± 0.01 0.04 
Stride length (cm) 88.89 ± 1.88 87.53 ± 1.88 0.07 
Maximum pressure (kg/cm2) 47.54 ± 1.06 47.09 ± 1.06 0.22 
Stance time (sec) 0.34 ± 0.01 0.33 ± 0.01 0.09 
1The Embedded Microcomputer Force Plate System was developed at Iowa State 
University to objectively identify sows that possess varying lameness severities (Sun et 
al., 2011).  
2 GAITFour (CIR Systems, Inc., Havertown, PA) pressure mat measures footfall 
parameters using pressure activated sensors.  Maximum pressure is the largest amount of 
weight place on a single hoof. Stride length is the distance between 2 consecutive 
footfalls from the same hoof. Stance time is the time between 2 consecutive footfalls of 
the same hoof when the sensors are activated (pressure is applied to the mat). Stride time 
is the time between 2 consecutive footfalls of the same hoof. 
3 Round defined as first (1) or second (2) induction of lameness 
4
 P value of < 0.05 was considered significant. Values represent average weight placed on 
a hoof during either first or second round of induction 
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Table 3 LSMeans for first and second trial of sows (±SE) over all 3 data collection days 
when sows were induced lame for the embedded force plate and GAITFour gait analysis 
walkway system. 
 Trial3  
Tools 1 2 P-Value4 
Embedded force plate (kg)1 57.08 ± 1.06 52.46 ± 1.06 0.005 
GAITFour analysis2 
Stride time (sec) 0.52 ± 0.02 0.49 ± 0.02 0.35 
Stride length (cm) 89.79 ± 2.61 86.62 ± 2.61 0.40 
Maximum pressure (kg/cm2) 51.52 ± 1.48 43.12 ± 1.48 0.0006 
Stance time (sec) 0.33 ± 0.01 0.34 ± 0.01 0.14 
1 The Embedded Microcomputer Force Plate System was developed at Iowa State 
University to objectively identify sows that possess varying lameness severities (Sun et 
al., 2011).  
2 GAITFour (CIR Systems, Inc., Havertown, PA) pressure mat measures footfall 
parameters using pressure activated sensors.  Maximum pressure is the largest amount of 
weight place on a single hoof. Stride length is the distance between 2 consecutive 
footfalls from the same hoof. Stance time is the time between 2 consecutive footfalls of 
the same hoof when the sensors are activated (pressure is applied to the mat). Stride time 
is the time between 2 consecutive footfalls of the same hoof. 






 P value of < 0.05 was considered significant. Values represent the average weight 
placed on a hoof during the first or second trial.  
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Table 4 LSMeans (±SE) for weight distribution (kg) on hooves with the embedded force 
plate system when sows were induced lame with amphotericin-B1. 
 
1 The Embedded Microcomputer Force Plate System was developed at Iowa State 
University to objectively identify sows that possess varying lameness severities (Sun et 
al., 2011).  
2 Left or Right hind hoof induction. 
3 LF = Left front hoof, RF = Right front hoof, LH = Left hind hoof, RH = Right hind 
hoof. 
4
 D-1 (1 d pre-induction), D+1 (1 d post-induction), and D+6 (6 d post-induction). 
ab Within a row, means without a common superscript differ (P < 0.05)
  
Day4 
Hoof induced2 Hoof3 D-1 D+1 D+6 
LH LF 61.56 ± 1.14a 66.25 ± 1.15b 65.41 ± 1.14b 
 
RF 66.18 ± 1.14a 66.19 ± 1.15a 66.38 ± 1.14a 
 
LH 46.37 ± 1.14a 30.63 ± 1.15b 34.89 ± 1.14c 
 
RH 46.47 ± 1.14a 52.55 ± 1.15b 54.42 ± 1.14c 
RH LF 61.58 ± 1.10a 65.38 ± 1.10b 64.94 ± 1.10b 
 
RF 66.19 ± 1.10a 66.81 ± 1.10a 68.53 ± 1.10b 
 
LH 44.54 ± 1.10a 54.57 ± 1.10b 53.46 ± 1.10c 
 
RH 48.16 ± 1.10a 29.18 ± 1.10b 35.22 ± 1.10c 
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Table 5 LSMeans for the GAITFour pressure mat gait analysis walkway system (±SE) when 
sows were induced lame with amphotericin-B1. 
  Day7 
Hoof Induced5 Hoof6 D-1 D+1 D+6 
Stride time (sec)1    
LH LF 0.46  ± 0.02a 0.57  ± 0.02b 0.50  ± 0.02a 
  RF 0.46  ± 0.02a 0.57  ± 0.02b 0.49  ± 0.02a 
  LH 0.46  ± 0.02a 0.59  ± 0.02b 0.50  ± 0.02a 
  RH 0.46  ± 0.02a 0.59  ± 0.02b 0.51  ± 0.02a 
RH LF 0.47 ± 0.02a 0.55 ± 0.02b 0.47 ± 0.02a 
  RF 0.47 ± 0.02a 0.54 ± 0.02b 0.47 ± 0.02a 
  LH 0.47 ± 0.02a 0.55 ± 0.02b 0.48 ± 0.02a 
  RH 0.47 ± 0.02a 0.55 ± 0.02b 0.47 ± 0.02a 
Stride length (cm)2 
LH LF 92.60 ± 2.27a 81.65 ± 2.28b 89.90 ± 2.27a 
  RF 92.41 ± 2.27a 81.82 ± 2.28b 89.60 ± 2.27a 
  LH 92.72 ± 2.27a 81.70 ± 2.28b 90.09 ± 2.27a 
  RH 92.77 ± 2.27a 81.24 ± 2.28b 90.50 ± 2.27a 
RH LF 93.09 ± 2.14a 81.68 ± 2.16b 90.10 ± 2.16a 
  RF 92.74 ± 2.14a 81.38 ± 2.16b 89.46 ± 2.16c 
  LH 93.11 ± 2.14a 81.29 ± 2.16b 90.76 ± 2.16a 
  




Table 5 continued 
  Day7 
Hoof Induced5 Hoof6 D-1 D+1 D+6 
Maximum pressure (kg/cm2)3   
LH LF 57.73 ± 1.32a 55.83 ± 1.33a 57.82 ± 1.32a 
  RF 56.90 ± 1.32a 57.59 ± 1.33a 57.48 ± 1.32a 
  LH 38.21 ± 1.32a 30.46 ± 1.33b 34.85 ± 1.32c 
  RH 36.19 ± 1.32a 42.46 ± 1.33b 41.47 ± 1.32b 
RH LF 57.16 ± 1.32a 60.23 ± 1.34b 58.21 ± 1.34ab 
  RF 56.73 ± 1.32a 54.52 ± 1.34a 56.23 ± 1.34a 
  
LH 38.71 ± 1.32a 43.50 ± 1.34b 41.79 ± 1.34b 
  RH 37.27 ± 1.32a 28.72 ± 1.34b 35.42 ± 1.34a 
Stance time (sec)4 
LH LF 0.31 ± 0.02a 0.39 ± 0.02b 0.33 ± 0.02a 
  RF 0.30 ± 0.02a 0.42 ± 0.02b 0.34 ± 0.02a 
  LH 0.30 ± 0.02a 0.34 ± 0.02a 0.31 ± 0.02a 
  RH 0.29 ± 0.02a 0.44 ± 0.02b 0.34 ± 0.02c 
RH LF 0.31 ± 0.01a 0.40 ± 0.01b 0.33 ± 0.01a 
  RF 0.31 ± 0.01a 0.37 ± 0.01b 0.31 ± 0.01a 
  
LH 0.30 ± 0.01a 0.42 ± 0.01b 0.32 ± 0.01a 
  RH 0.30 ± 0.01ab 0.32 ± 0.01a 0.29 ± 0.01b 
1 Stride time defined as the time in seconds between 2 successive footfalls by the same hoof. 
2 Stride length defined as the distance in cm between 2 sequential footfalls from the same hoof. 
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3 Maximum pressure defined as the greatest amount of weight placed on a single hoof. 
4 Stance time defined as the duration of time in seconds the sensors were activated by a hoof in a 
single stride. 
5 Left or Right hind hoof induction. 
6 LF = Left front hoof, RF = Right front hoof, LH = Left hind hoof, RH = Right hind hoof. 
7 D-1 (1 d pre-induction), D+1 (1 d post-induction), and D+6 (6 d post-induction). 
ab Within a row, means without a common superscript differ (P < 0.05). 
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Figure 1 Schematic depiction of a trial. 
Figure 2 Embedded force plate 
Figure 3 Embedded force plate1 comparison of baseline round2 1 (R1) and baseline round 2 (R2) 
to establish that the right hind hoof had resolved lameness3. 
Figure 4 Embedded force plate1 comparison of baseline round2 1 (R1) and baseline round 2 (R2) 




































Sows randomly assigned to left- or right-hind hoof for Round 1 induction 
Sows repeat cycle after 7-d wash-out period 







D-1 (Sound phase) 
Collected data 
D0 (Induction of lameness) 
No data collection 
  
D+1 (Most lame phase) 
Collected data 
D+6 (Resolution phase)  
Collected data 
12 Sows enrolled 
Handling/Tools/Facility acclimation (~10 d) 
Completion of Round 2 

















1 The Embedded Microcomputer Force Plate System was developed at Iowa State University to 
objectively identify sows that possess varying lameness severities (Sun et al., 2011). 
2Round defined as first (1) or second (2) induction of lameness 
3P value of < 0.05 was considered significant. P values represent differences between round 1 







1The Embedded Microcomputer Force Plate System was developed at Iowa State University to 
objectively identify sows that possess varying lameness severities (Sun et al., 2011).  
2Round defined as first (1) or second (2) induction of lameness 
3P value of < 0.05 was considered significant. P values represent differences between sound 
phase days (D-1) of round 1 and 2 for each the left and right hind hooves.  
 
